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We report the generation of 140 fs pulses with a peak power of up to 270 kW using a fiber pulse source based on a polarization-maintaining ytterbium-doped fiber amplifier and a semiconductor saturable absorber mirror mode-locked fiber laser seed. The seed laser pulses were amplified and chirped in the fiber amplifier and subsequently compressed in an external transmission grating pair. The use of a polarization-maintaining amplifier addresses nonlinear polarization-induced limitations to the obtainable compressed pulse duration and quality that can arise if isotropic fiber amplification is used. Numerical simulations of the system support the experimental measurements and also confirm the role of fiber dispersion in obtaining high-quality compressed pulses. © The development of fiber-based high-power ultrashort pulse sources is a subject of great topical interest. [1] [2] [3] Ultrafast fiber-based systems are becoming strong competitors to solid-state lasers in many application areas because of their high environmental stability, compactness, and efficiency. Much recent research in this area 2, 4 has concentrated on the use of weakly guiding, ultralarge-mode-area Yb-doped microstructured fibers. While impressive results have been demonstrated, this approach sacrifices fiber bending and all fiber interfacing inherent to conventional optical fiber. A system based on a conventional isotropic Yb-doped fiber amplifier and a semiconductor saturable absorber mirror (SESAM) mode-locked fiber laser seed was recently demonstrated, 3 resulting in 430 fs pulses with 50 kW of peak power. As mentioned in Ref. 3 , at the maximum power the isotropic fiber output became randomly polarized, creating additional losses in the polarization-selective grating compressor. In this Letter we experimentally demonstrate that, in addition to introducing loss, nonlinear polarization evolution during amplification in an isotropic fiber stage can limit the pulse compressibility and quality. As a solution to this problem, we propose and demonstrate the use of a polarization-maintaining (PM), large-mode-area (LMA) Yb-doped conventional fiber amplifier (YDFA). This approach allowed us to obtain 28-fold compression to 140 fs and to reach a peak power of 270 kW. Numerical simulations of the system support the experimental measurements and confirm the role of fiber dispersion in obtaining a high-quality compressed pulse.
As a preliminary experiment, initially we used an isotropic fiber amplifier before the compressor. As the pulse source for compression we used an all-fiber picosecond ring laser reported elsewhere. 5 Strongly chirped (ϳ18 nm bandwidth), linearly polarized 10 ps, 51 MHz repetition rate pulses were spectrally filtered by using a 0.8 nm bandpass filter to give 2.2 ps duration pulses, with a time-bandwidth product of 0.5. These pulses were amplified in a lownonlinearity LMA isotropic single-mode fiber amplifier (also described in Ref. 5) up to 8 W average power. The maximum output power was limited by the onset of stimulated Raman scattering. The pulses experienced temporal broadening due to the combined action of self-phase modulation and dispersion to approximately 4 ps at the maximum power. The output was found to be effectively depolarized (polarization extinction ratio Ͻ60%) after amplification. Because of the polarization selectivity of the grating pair arrangement used for compression (the polarization discrimination of each grating was −11 dB), this depolarization introduced additional losses in this part of the setup. The autocorrelations and spectra resulting from independent compression of the two polarization states are shown in Fig. 1 . The depolarization after amplification and the strong polarization dependence of the output spectrum and associated autocorrelation are attributed to temporal modulation of the polarization state across the amplified pulse due to nonlinear coupling between orthogonal field components. This effect, known as nonlinear polarization evolution, is described in detail in Ref. 6 . It is clear that this effect limits the achievable compressed pulse quality and thus sets a limit on the maximum pulse energy obtainable in direct pulse compression experiments.
To address this issue, we developed a system using a PM Yb-doped fiber amplifier (Fig. 2) . A SESAMbased seed source that produced linearly polarized 4 ps pulses at a repetition rate of 59 MHz and with an average power of 5 mW was employed. The seed pulses were amplified in the LMA PM YDFA. The YDFA was a multistage amplifier, the high-power stages consisting of a 4.5 m of LMA PM fiber with a mode field diameter of 10.5 m and a 3.5 m length of LMA PM fiber with an mode field diameter of 12 m. A half-wave plate was used after the PM YDFA to rotate the polarization state to maximize transmission through the polarization-dependent grating pair. The gratings used had a pitch of 800 nm and were mounted in Littrow configuration. The total doublepass loss of the grating pair and mirror arrangement was ϳ2.3 dB. The output pulses were directed into either a background-free autocorrelator or a spectrum analyzer.
The output spectrum was monitored, and the amplifier output power was increased until Raman scattering became apparent. This occurred at an output average power of 4.3 W, which is lower than in the case of isotropic amplification due to the polarization dependence of the Raman process. The polarization extinction ratio at this point was measured to be ϳ94%, leading to improved transmission through the polarization selective transmission gratings as compared with the isotropic amplification case. At this power level, the output autocorrelation was monitored and the grating separation was optimized to obtain the shortest output pulse (Fig. 3) . A center-tocenter grating separation of 1.4 cm was found to be optimal. Assuming a sech 2 pulse shape, the autocorrelation represents a 140 fs pulse. The output average power was measured to be 2.5 W, which leads to a peak power estimate of 270 kW. Note that these characteristics are comparable with certain commercially available Ti:sapphire lasers. 7 The spectrum after the grating pair is shown in Fig. 3(b) . From the spectrum we can obtain an upper estimate for the time-bandwidth product of the pulses by using the 10 dB spectral width of 17 nm, which results in a time-bandwidth product of 0.6.
The PM YDFA system was numerically simulated by solving the nonlinear Schrödinger equation (1) by using the split-step Fourier method: (Ref. 6 ) and dispersion of −50 ps nm −1 km −1 were used. The experimental values for the seed laser pulse duration and repetition rate and the average powers before and after amplification were used. For simplicity, a uniform gain distribution along the amplifier's fiber length was assumed. The resulting simulated pulse duration after amplification was 7.4 ps. The grating pair compression was simulated by solving Eq. (1) with the nonlinear term set to zero. The dispersion-length product was adjusted to obtain the shortest pulse after numerical compression. This pulse is shown in the inset of Fig. 4 and has a FWHM of 143 fs, which is in Although the FWHM values agree well, the numerically obtained autocorrelation (Fig. 4) shows an inferior pulse quality as compared with the experimental autocorrelation. Satellite pulses and a pedestal are apparent in the numerical case, although a high fraction (73%) of the total power remains in the main pulse.
In order to further investigate this discrepancy the system was simulated with the dispersion of the amplifier set to zero. The numerical autocorrelation of the shortest compressed pulse obtained in this case is shown in Fig. 4 . This result shows that in the absence of dispersion the compressed pulse quality is significantly decreased. This behavior is expected, since in the normal dispersive regime fiber dispersion tends to linearize the pulse chirp, leading to improved compressibility. 6 The discrepancy between the autocorrelations in Fig. 5 may therefore indicate that the fiber dispersive contribution is more significant, relative to the fiber nonlinearity, than is being estimated through the approximate values of the nonlinear index and dispersion and assumed uniform gain distribution in the fiber. Indeed, in the simple case of a 50% increase of the dispersion value, an improved numerically obtained pulse quality is obtained.
The accuracy of the simulation could be improved by including higher-order dispersive terms and the Raman term and by using precisely measured fiber parameters. However, the simple model described above gives reasonable agreement with experiment given the imprecise knowledge of some amplifier parameters.
In conclusion, we have experimentally shown that nonlinear polarization evolution can limit the obtainable pulse quality in fiber-based pulse compression schemes. By maintaining a linear polarization while amplifying 4 ps pulses from a SESAM mode-locked fiber laser, we obtained 28-fold pulse compression, generating 140 fs pulses with 270 kW peak power. Numerical simulations support the experimental results and also confirm the role of fiber dispersion in obtaining high-quality compressed pulses. 
